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Abstract 
With the focus on innovative manufacturing and application-oriented products considering lightweight construction functional 
graded materials become more and more interesting. Due to the application matched functional gradation different local demands 
such as absorbability, abrasion and fatigue of structures are met. However the gradation has a remarkable influence on the crack 
propagation behaviour. According to the different fracture mechanical graded materials the area of stable crack growth is more or 
less distinct and the crack velocity changes. In addition the crack propagation direction can be influenced by the gradation.
Within this contribution the influence of a fracture mechanical gradation on the crack growth rate, the area of stable fatigue crack 
growth and the crack propagation direction is investigated. For the prediction of the crack growth behaviour in fracture 
mechanical graded materials considering different loading situations (Mode I, Mixed Mode) a new concept was developed. This 
TSSR-concept can be applied to sharp as well as smooth material gradations. In addition results of experimental investigations of 
crack growth considering fracture mechanical graded materials are discussed. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Functional graded materials are generally characterized by local different properties. Thereby they meet 
requirements placed upon a component and enable a very large variety of applications. Various kinds of gradation 
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can be adjusted according to materials and manufacturing processes. Components and structures which are 
characterized by different elastic properties (e.g. Young’s modulus E, Poisson ratio Q) show an elastic material 
gradation, while fracture mechanical graded materials possess different fracture mechanical specific values (e.g. 
Threshold value 'KI,th, fracture toughness KIC, crack velocity da/dN). Furthermore the combination of the mentioned 
material gradations is imaginable.  
Components consisting of the fracture mechanically different materials M1 and M2 with the principle crack 
velocity curves in Figure 1 show a totally different crack propagation behavior than homogeneous and isotropic 
materials. The crack velocity curves are characterized by remarkable differences in the crack velocity da/dN as well 
as in the area of stable fatigue crack growth. A change in the crack velocity and in the occurrence of unstable crack 
growth is connected with crack propagation from a material area in a fracture mechanically different area (Schramm 
and Richard (2012)). In Figure 1 (a) the begin of crack growth occurs only in dependency of the loading situation 
because these curves show the same Threshold value 'KI,th. Different Threshold values are used in Figure 1 (b) 
leading to the possibility that the crack propagation takes place in the direction which has the smaller resistance 
against crack propagation and hence the smaller fracture mechanical material value. In summary, crack growth can 
not only be influenced by the loading situation but also additional by the fracture mechanical material gradation.  
a) 
 
b) 
 
Figure 1: Principal illustration of the crack velocity curves of the materials M1 and M2 
  (a) same Threshold values 'KI,th,M1/M2,   (b) different Threshold values 'KI,th,M1 and 'KI,th,M2 
This contribution deals with the prediction of crack propagation in fracture mechanically graded materials. In this 
context the TSSR-concept is presented which can be applied to various loading situations. In addition, experimental 
investigations of crack propagation in consideration of appropriate material gradations are presented. 
2. Crack growth in fracture mechanical graded materials 
Figure 2 shows a structure with different fracture mechanical materials M1 and M2. In Figure 2 (a) the initial 
crack is situated in certain distance of the material gradation. Hence there is only homogenous and isotropic material 
behavior around the crack tip. Accordingly the crack growth occurs in dependency of the present loading situation 
(Mode I, Mode II or Mixed Mode). In this case the crack propagation concepts for homogenous and isotropic 
materials, such as the MTS-concept of Erdogan and Sih (1963), can be applied. The crack tip in Figure 2 (b) is 
within the material transition and sees two fracture mechanical different microstructures. The assumption of crack 
propagation along the path of least resistance leads to two potential kinking angles: the stress induced kinking angle 
M0,MTS and the gradation angle MM (respectively MM ± 180°) itself. 
In the following the TSSR-concept is presented which enables the determination of the crack propagation, 
meaning the ability to propagate and the direction of crack growth, considering the stress situation and the fracture 
mechanical material gradation.  
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b) 
 
 
Figure 2: Structure with fracture mechanical material gradation and potential crack propagation directions:  
(a) crack tip in distance of the material transition, (b) crack tip within the material transition 
In general the TSSR-concept enables the determination of the beginning of stable and unstable crack growth as 
well as the crack growth direction (Schramm and Richard (2012)). The application of the concept will be presented 
for a structure which is loaded by Mode I and characterized by the gradation angle MM = 30°. This angle defines the 
position of the material transition in relation to the initial crack and its tip (Figure 3 (a)). Furthermore the materials 
M1 and M2 are described by the crack velocity curves in Figure 1 (b). In comparison to the material functions 
(Threshold value curve 'KI,th and cyclic fracture limit curve 'KIC) of homogeneous and isotropic materials these 
functions now aren’t characterized by a constant value. They vary in dependency of the polar coordinate M and show 
a jump for sharp material transitions. Figure 2 (b) illustrates both fracture mechanical material functions in a polar 
coordinate system. Below the Threshold value curve the crack is not able to grow, while unstable crack growth 
occurs with reaching the cyclic fracture limit curve. The area of stable fatigue crack growth is situated between both 
curves.  
a) 
 
b) 
 
 
 
Figure 3: (a) Fracture mechanical graded structure with the materials M1 and M2 and the gradation angle MM = 30°, 
(b) Threshold value curve and cyclic fracture limit curve in polar coordinate system  
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As usual for crack propagation concepts, the TSSR-concept compares stress values with material values. The use 
of the cyclic tangential stress  
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which is compared with a material function. In the present case the Threshold value curve 'KI,th(M) is used as the 
material function to make a statement about the beginning and the direction of fatigue crack growth. Alternatively 
the static or cyclic fracture limit curves KIC(M) or 'KIC(M) can be used for the determination of unstable crack 
growth. Transposition of this equation according to equation (5) and applying the potential kinking angles lead to 
the cyclic stress intensity factors  MTS0,thIΔ MM  K ,  MthIΔ MM  K and  qr 180Δ MthI MMK . 
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These stress intensity factors define cyclic stress functions which possess points of contact with the material 
function at the inserted polar coordinate. The minimal value of these factors describes the first point of contact 
between the stress function and the material function und furthermore the beginning of stable fatigue crack growth. 
At the same time the occurring crack propagation direction MTSSR arises out of the used polar coordinate M. In Figure 
4 (a) this point can be found at the polar coordinate M = 30°. Due to the fact that the real stress function is larger than 
the function which is relevant for crack propagation the crack will propagate along the fracture mechanical material 
transition with MTSSR = MM = 30°. The crack extension by the increment 'a is shown in Figure 4 (b). 
(a) (b) 
 
  
Figure 4: Crack propagation in a fracture mechanical graded structure with Mode I loading situation and the gradation angle MM = 30°: 
(a) application of TSSR-concept, (b) crack growth by the increment 'a 
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Consequently, the crack propagation doesn’t depend only on the existent stress situation but also on the fracture 
mechanical material gradation. The new crack position and the global Mode I loading cause a Mixed Mode stress 
situation which has to be considered for the determination of the further crack propagation.  
3. Experimental investigations of crack growth in fracture mechanical graded materials 
Experimental investigations are carried out to confirm the different influences of a fracture mechanical material 
gradation on the crack propagation. Within this contribution investigations are presented in particularly with regard 
to the crack velocity and the occurring direction of crack growth. The studies are carried out with the electro-
dynamic test system Electro-Puls E10000 of the company Instron according to ASTM E647-08 (2008).  
3.1. Influence on the crack velocity 
Compact tension specimens with a fracture mechanical material gradation characterized by the gradation angle 
MM = 90° are used to illustrate the influence of the material gradation on the crack velocity da/dN. Here the crack 
grows normal in the other fracture mechanical material region. During the experimental procedure the maximal 
stress intensity KI,max remains constant. For homogeneous and isotropic materials and increasing crack lengths a 
constant performance is common. In contrast the result of the examined fracture mechanically graded specimens 
differs and is presented in Figure 6. At the beginning the crack grows with a constant crack velocity da/dN of 
approximately 6,310-5 mm/load cycles. This suggests a homogenous and isotropic material region. A change of the 
crack velocity occurs at the crack length a | 20 mm. A linear increase about an area of 4 mm is registered and 
clarifies the change of the fracture mechanical properties and hence the existence of a fracture mechanical transition. 
Once again the crack propagation takes place with a constant crack velocity at the crack length a | 24 mm. The 
crack has reached an area with isotropic and homogeneous material properties again. 
 
 
Figure 6: Crack velocity in fracture mechanically graded compact tension specimens with the gradation angle MM = 90° 
3.2. Influence on the crack propagation direction 
The compact tension specimen in Figure 7 (a) possesses the gradation angle MM = 60° and a sharp material 
transition. The application of the TSSR-concepts predicts a crack propagation with MTSSR = MM = 60° along the 
material gradation. Figure 7 (b) shows the prognosis of the theoretical concept in consideration of a smooth 
continuous transition zone. Due to the distinct transition area the change of the material values (e.g. Threshold value 
'KI,th, fracture toughness KIC) occurs slightly more moderate. For the description of the modification of the fracture 
mechanical material properties along the coordinate x the power function  
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with the gradation gradient g is used. 'KI,th,M1 und 'KI,th,M2 are the material values of the materials M1 and M2. 
The width of the transition zone is named b. The consideration of a power function with g = 4 for the description of 
the transition region leads to a smaller kinking angle of MTSSR | 18°. 
The result of experimental investigations of fracture mechanically graded specimens with a gradation angle of MM 
= 60° and a distinct transition area is shown in Figure 7 (c). The experimentally determined kinking angle is M0 | 
17° and deviates considerably from the prediction of the TSSR-concept with a sharp material gradation. The 
assumption of a continuous transition leads to a good agreement of the theoretical determined propagation direction 
MTSSR and the experimentally determined direction M0. 
(a) 
 
(b) 
 
 
(c) 
 
 
Figure 7: Crack propagation with the gradation angle MM = 60°: (a) prediction of TSSR-concept for a sharp material transition, 
                        (b) prediction of TSSR-concept for a continuous material transition, (c) experimentally determined kinking angle M0 | 17° 
4. Conclusions 
The presented TSSR-concept enables the determination of crack propagation in fracture mechanically graded 
materials in consideration of sharp and continuous material transitions as well as for any loading situations. 
Experimental investigations clarify among other things the influence of this material gradation on the crack velocity 
and the crack propagation direction and confirm the applicability of the theoretical concept.  
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